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Abstract—The assessment of unwanted radiated emissions
from Active Antenna Systems (AAS) has become a critical
issue in adjacent-band coexistence scenarios. In this paper, we
establish the existence of a deterministic spatial upper bound
on the radiated power of active antenna arrays. We show that
the maximum radiated power always occurs in the boresight
direction, irrespective of frequency or signal nature (useful signal,
nonlinear distortion, or noise), or instantaneous beamforming
configuration, thereby defining a conservative spatial upper
bound whose angular envelope is solely determined by the
elementary radiating building block of the antenna architecture,
i.e., the element or sub-array radiation pattern.

Starting from a two-element array with third-order nonlin-
earities, we derive the spatial envelope and extend the result
to realistic AAS architectures. The theoretical findings are
validated by over-the-air (OTA) measurements performed on
a 3.5 GHz Massive Multiple-Input Multiple-Output (MIMO)
antenna. The proposed approach offers a simple, robust, and
measurement-oriented methodology for coexistence assessments
involving beamformed radio systems.

I. INTRODUCTION

5G Massive MIMO base stations employ Active Antenna
Systems (AAS) with digital beamforming to achieve high
spectral efficiency. While enabling sharp in-band directivity,
these architectures raise critical questions regarding unwanted
radiated emissions in adjacent-band coexistence scenarios,
particularly with safety-critical systems like aeronautical radio
altimeters. In such contexts, conventional interference assess-
ment approaches, initially devised for passive or weakly di-
rective antennas, may become overly complex or insufficiently
conservative when applied to dynamically beamformed AAS.

A. Related work and limitations

Recent work [1] showed that nonlinear distortion of power
amplifiers (PA) can remain correlated across antenna branches
and be beamformed in the same direction as the intended
signal. Our measurements [2] on a 32T32R Massive MIMO
radio unit confirmed that spatial directivity of Out-Of-Band
(OOB) emissions depends on PA operating regime and Digital
Predistortion (DPD) effectiveness.

However, a complementary regulatory question remains:
can one establish a simple, conservative bound on maximum
radiated emission in any direction, regardless of beamforming
configuration, frequency, or signal nature?

B. Contribution and key idea

This paper addresses the above question by establishing
that maximum radiated emission always occurs at boresight,
defining a deterministic spatial upper bound whose angular
envelope is solely determined by the element or sub-array
radiation pattern, independent of frequency and signal nature.
Starting from a two-element array, we extend the result to
realistic AAS and validate it via OTA measurements on a 3.5
GHz Massive MIMO antenna.

C. Methodology and organization

We start from elementary array configurations to provide
an intuitive derivation of the spatial envelope, and then extend
the reasoning to realistic Massive MIMO AAS architectures.

The remainder of this paper is organized as follows. Sec-
tion II introduces the two-element reference model. Section
IIT derives the spatial upper bound. Section IV deals with
the multi-user transmission, section V extends the result to
realistic AAS architectures. Section VI discusses measurement
validation and implications. Section VII concludes the paper.

II. TWO-ELEMENT ARRAY AND THIRD-ORDER
NONLINEARITY

A. Two-element array model

We consider the simplest active antenna configuration com-
posed of two identical radiating elements.
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Fig. 1: Two-element array positioned along the y-axis.



The elements are aligned along the y-axis and separated
by d = A\/2, where A\ denotes the wavelength at the carrier
frequency. This half-wavelength spacing is standard as it
avoids grating lobes while maintaining physical compactness.
Mutual coupling is neglected, justified for A/2 spacing where
cross-coupling is typically < —15dB in practical Massive
MIMO implementations [3]. Ideal amplitude and phase control
is assumed, consistent with modern digital beamforming with
calibrated excitation coefficients. The analysis is restricted
to the horizontal plane (§ = 90°), the most relevant cut
for terrestrial coexistence scenarios, and the azimuth angle
¢ € [0,27]. The radiation characteristics of the elementary
radiator follow the 3GPP antenna modeling framework [4].
The gain in the plane 6 = 90° is given by:

Agp(p) = Ggmax + A(p), (1)

where G'g max 1S the element peak gain and:

2
A(QO) = _min{12 ( d ) aAm} ) 2
¥3dB

where A, is the front to back ratio and @3gp is the horizontal
half power beamwidth. For a coherent frequency component
[3], the radiation pattern of the array in the horizontal plane
is expressed as:

where A® denotes the relative excitation phase between the
two radiating elements and the array factor in the horizontal
plane can be written as:

AF (0, AD) = 1 + /(W@ +AD) @

where the geometrical phase term 1 (y) accounts for the
propagation path difference between the two elements in the
observation direction (). For a two-element array with inter-
element spacing d and wave number k = 27/, it is given
by:

¥(p) = kdsin . (5)
The magnitude of the array factor is thus:
d Ad
|AF (p, A®)| = 2 |cos <7i\ sin ¢ + 2) ’ . (6)

B. Spatial Envelope Obtained by Phase Sweeping

We now examine the maximum radiated power that can
be obtained in each spatial direction by varying the relative
excitation phase A® between the two radiating elements.
When the relative phase A® is swept over the full interval
A® € [0,27], the absolute cosine term spans its entire range,
and its maximum value is equal to unity for any ¢. Indeed,
the absolute cosine function |cos(-)| is w-periodic. As a
consequence, the maximum achievable array factor magnitude
in any spatial direction is:

max|[AF(p, A®)[ =2, Ve @)
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Fig. 2: Two-element array pattern envelope.

It follows that the spatial envelope obtained by sweeping
the beamforming phase A® is given by:

Genv(¢) = Ap(p) +20log;(2) = Ap(p) + 6 dB.  (8)

This result shows that, although beamforming allows the
main lobe to be steered in any azimuth direction, the maximum
radiated power achievable in each direction is fully determined
by the element radiation pattern. The spatial envelope is
therefore independent of the beamforming phase and is solely
governed by the elementary radiator.

III. SPATIAL UPPER BOUND OF RADIATED POWER

We now focus on the spatial distribution of radiated power
resulting from the two-element array model introduced in
Section II. Using the third-order nonlinear signal model, three
spectral regions can be identified, depending on the dominant
contribution to the radiated signal [2].

Independently of the considered region, we are interested
in the maximum radiated power achievable in a given spatial
direction when the relative excitation phase A® is swept over
its full range [0, 27]. This maximum defines a spatial envelope,
which will be shown to constitute a deterministic upper bound
on the radiated power. We first consider a single-user trans-
mission scenario, where the discrete-time complex baseband
signal z(n) denotes the useful signal to be transmitted. The
signal is assumed to be zero-mean and identical at the input
of the two RF chains, up to a controllable excitation phase
shift. This single-stream assumption corresponds to the worst-
case configuration for radiated power, as all transmit power
is concentrated in a single beam; the multi-user case, where
power is shared across beams, is addressed in Section IV.

The output of the power amplifier feeding the first radiating
element is modeled by a memoryless third-order nonlinearity
and can be written as:

y1(n) = x(n) + alz(n)Pa(n) +wi(n), ©)



where « denotes the third-order nonlinearity coefficient and
wi (n) is an additive noise term that accounts for thermal noise
and residual impairments.

By convention, the second RF chain applies a relative
excitation phase A® to the useful signal. The corresponding
PA output is therefore given by:

ya(n) = 2(n)e?>? 4+ alz(n)|?z(n)e’*® + wy(n),  (10)

where wa(n) is assumed to be uncorrelated with wq(n).

This signal model explicitly separates three contributions at
the antenna inputs: the useful in-band component proportional
to z(n), the third-order intermodulation (IM) component pro-
portional to |z(n)|?z(n), and additive noise terms. These three
components will be shown to exhibit distinct spatial behav-
iors, which motivates the identification of three corresponding
spectral regions in the following analysis.

A. Useful-signal-dominated region

In the in-band region, the useful signal x(n) dominates. The
signals feeding the two radiating elements are phase-shifted
versions of the same waveform and therefore remain fully
correlated.

As a result, the radiated fields combine coherently. The
directional Equivalent Isotropically Radiated Power (EIRP)
can be written as:

EIRPsig(QOa A(I)) = Pe + AE(@) +20 10%10 |AF(QO, A(I))‘
(1)
where P, is the conducted power of an element. Sweeping the
relative phase A® over [0, 27 yields the spatial envelope:

EIRPgigenv(¢) = P. + Ap(p) +6 dB 12)

The envelope has exactly the same angular shape as the single-
element radiation pattern, scaled by a factor four.

B. Third-order-distortion-dominated region

We now consider the adjacent-band region where the third-
order distortion term «|z(n)|?z(n) is predominant. In the
present two-element configuration, the input signals applied
to the radiating elements differ only by a deterministic phase
shift A®. The third-order distortion term therefore experiences
exactly the same inter-element phase shift as the useful signal.
As a consequence, both components share the same array
factor and are beamformed in the same spatial direction. The
corresponding directional EIRP can be expressed as:

EIRPv3(p, A®) = Pivs + Ag(p) + 201logyo [AF(p, AD)|

(13)

where Pp3 denotes the power of one element associated
with the third-order distortion component.

By sweeping A® over [0, 27, the spatial envelope becomes:

EIRPi\3env(@) = Pz + Ar(p) +6 dB (14)

Hence, even in the distortion-dominated region, the maxi-
mum radiated power is achieved in the boresight direction and
the spatial envelope is again given by the element radiation
pattern scaled by a constant factor.

C. Noise-dominated region

Finally, we consider frequency regions where the additive
noise terms dominate. In this case, the noise contributions
wi(n) and wy(n) feeding the two elements are assumed
independent and uncorrelated. As a consequence, the radiated
powers add incoherently. The resulting directional EIRP is
given by:

EIRPnoise(SO) = Poise + AE(‘P) +3dB

where P denotes the noise power per branch and the
+3 dB term accounts for incoherent power addition from two
uncorrelated noise sources. Importantly, the spatial distribution
of noise does not depend on the relative phase A®: for any
value of A®, the angular shape of the radiated noise power
remains identical and follows the single-element radiation
pattern. The spatial envelope therefore coincides with this
pattern, with a constant +3 dB offset.

5)

D. Spatial upper bound

Considering the three spectral regions together, a key con-
clusion emerges. Regardless of whether the radiated power
is dominated by the useful signal, by third-order distortion
components, or by noise, the maximum radiated power in any
spatial direction is bounded by a deterministic envelope.

Proposition (Two-element case). For a two-element active
antenna array, regardless of beamforming configuration AP,
signal nature, or frequency, the maximum radiated power in
any spatial direction @ is bounded by a deterministic spatial
envelope. This envelope has two properties:
1) its level is set by the maximum radiated power measured
at boresight;
2) its angular shape is solely governed by the single-
element radiation pattern Ag(p).
The bound is tight: it is attained at boresight, which is
therefore the direction of maximum radiated power for any
signal and any beamforming state.

This result establishes the existence of a spatial upper bound
of radiated power, which is independent of frequency and of
the nature of the radiated signal component. It can be naturally
generalized with any order of Volterra model. In Section V,
this result is extended to realistic AAS architectures to yield
the main proposition of this paper.

IV. MULTI-USER TRANSMISSION CASE

We now extend the previous analysis to a multi-user trans-
mission scenario. For clarity, we restrict the discussion to
two simultaneously served users, sufficient to highlight the
key spatial dispersion mechanisms. The results generalize to
K > 2 users: the number of distinct cross-IM directions
grows combinatorially with K, further increasing spatial dis-
persion and strengthening the conservativeness of the single-
user bound. The memoryless third-order PA model is a sim-
plification; however, as argued in Section III-D, the boresight-
maximum property holds for any Volterra order, since it relies
solely on phase coherence arguments. Memory effects may
alter distortion power levels but do not invalidate the spatial
bounding framework.



A. Signal model

Let u(n) and uz(n) denote the discrete-time complex base-
band signals associated with user 1 and user 2, respectively.
These signals are assumed to be zero-mean and mutually
uncorrelated. At the input of the first radiating element, the
composite transmit signal is given by the superposition:

x1(n) = ui(n) + ua(n). (16)

This signal is fed to a power amplifier modeled by a third-
order memoryless nonlinearity. The corresponding PA output
can be written as:

y1(n) = z1(n) + alz1(n)Pz1(n) + wi(n), (A7)

where « denotes the third-order nonlinearity coefficient and
w1 (n) is an additive noise term.

For the second radiating element, user-dependent phase
shifts are applied in order to form two independent beams.
The input signal to the second branch is therefore:

xa(n) = ul(n)equ)1 + ug(n)ejA%, (18)

where A®; and Ad, denote the beamforming phase shifts
associated with user 1 and user 2, respectively.

After the power amplifier, the output signal of the second
branch becomes:

2

y2(n) = x2(n) + alzz(n)|z2(n) + w2(n),  (19)

where wa(n) denotes an additive noise term independent of
w1 (n). Substituting the beamformed inputs into the PA model,
the output signals of the two branches can be written explicitly
as For branch 1,

11(n) = wa(n) + ua(n)
(s () P () + fug () P (m)

Tl () Pua(n) + () Pun () )
+ ud(n)us(n) + u(n)ui (n) + wi (n)
For branch 2,
ya(n) = ur ()’ + ug(n)e/ 22
21D

+a(Tsp(n) + Txa(n) + Txn(n) ) + wa(n),
where T'sp(n) is the self-distortion:
s (n) = [ur(n)[ur (n)e’ 2% + |uz(n) Pug(n)e’ > (22)
I'xa(n) is Type-A cross-IM:
Pxa(n) = [ug(n)[Pur (n)e? 2% 4 fur (n) Puz(n)e’ 22 (23)
and I'xp(n) Type-B cross-IM:
P (n) = uf (n)u () 2% =24
U (n)u (n)ed 2 F=20)

The IM components thus fall into three categories.
Self-distortion terms (|uy|?uy) and Type-A cross-IM terms
(\ug|2uk) both preserve the phase of one user signal and are
therefore beamformed in the corresponding user direction.
Type-B terms (uju}) involve quadratic phase combinations

(24)

and radiate in additional directions distinct from both user
beams. The total distortion power is consequently dispersed
over four spatial directions:

1) User 1 direction (A®q): uy + self-distortion |u1|2u1 +

Type-A |uz|*uy
2) User 2 direction (A®s): uy + self-distortion |ug|?uy +
Type-A |u1|?us

3) Cross-IM direction 1 (2A®; — Ad,): Type-B term u2u}

4) Cross-IM direction 2 (2A®5 — A®,): Type-B term uu}

From a spatial-power perspective, the multi-user case is
intrinsically more favorable than the single-user case for two
fundamental reasons. First, power sharing: the total trans-
mit power is divided among multiple beams, reducing the
peak EIRP in any given direction compared to the single-
user boresight configuration. Second, spatial dispersion of
distortion: third-order IM products spread over four distinct
spatial directions, further reducing the radiated power density
in any particular direction.

For any given direction ¢, the EIRP in the multi-user case
therefore satisfies:

EIRPMu(¢) < EIRPsy max (%), (25)

where EIRPsy max (¢) denotes the maximum EIRP obtained in
the single-user boresight case.

This inequality holds for all the components (useful signal,
harmonics and noise). Consequently, the spatial upper bound
derived for the single-user case in Section III remains valid
and conservative in a multi-user transmission scenario. The
worst-case radiated power is still achieved in the single-user
boresight configuration, and multi-user operation can only
reduce the maximum power radiated in any given direction.

V. EXTENSION TO ACTIVE ANTENNA SYSTEMS AND
EXPERIMENTAL VALIDATION

In this section, we extend the spatial upper-bound concept
derived for the two-element array to a realistic AAS. We
then validate the theoretical findings using OTA measurements
performed on an antenna previously used in our earlier work
[2]. The AAS under test is the SPEAR radio unit from Andrew,
and is stimulated by OpenAirlnterface (OAI) software [5].

A. Extension of the spatial upper bound to AAS

In a practical AAS, radiating elements are grouped into
sub-arrays, each driven by an independent RF chain. Let M
denote the number of sub-array rows and N the number of
columns. Assuming two orthogonal polarizations (£45°), the
total number of RF chains is equal to 2M N.

The EIRP in a given direction (6, ¢) is given by [6]:

EIRPgs (6, ¢, A®) = Psyp + 3 dB + Agup (0, ¢)

(26)
+ 20 10g10|AFA (97 ®, A(I))|

where Pj,}, is the conducted power of one sub-array, +3 dB
accounts for the 2 polarizations, Agu, (0, ) is the sub-array
radiation pattern, and the array factor is defined as:



M—-1N-1
AFA(0,0) = Y > Wmnvma(09) @27
m=0 n=0
with
. dv dh . .
VUm.n(0,p) = exp| j2m m cosf + n sin 6 sin ¢
and

Wpnn = €xp(j [MADY +nAdg]),

in which A®y and A®y are respectively the relative exci-
tation phase in vertical and horizontal direction. The spatial
upper-bound concept derived for the two-element array nat-
urally extends to an AAS. Indeed, for a given observation
direction (6, o), the geometrical phase term is fully deter-
ministic. Since the excitation phase gradients A®y and Ad gy
are controllable parameters, they can always be selected to
compensate the geometrical phase progression. Specifically,
choosing:

dy dp . .
Ady = *27'(? cosby, Ady = 727r7h sin 6y sin g

yields:

dy dn . .
mA®y +nAdy = -2 m—- cos 0o + njh sin f sin goo} ,
which exactly cancels the geometrical phase term in
Um.n (6o, po). Consequently, all phasors in the double sum-
mation become co-phased and add constructively. The array
factor then reduces to:

AFA(H(),(,O()) = MN

Following the reasoning developed in Sections II and III, the
elementary radiator in the spatial upper-bound analysis is no
longer a single element, but the sub-array itself. Consequently,
the spatial envelope governing the maximum radiated power
over all beamforming configurations has the angular shape of
the sub-array radiation pattern. This result holds for all spectral
regions — useful signal, nonlinear distortion of any Volterra
order, and noise. This leads to the main result of this paper:

Proposition (Spatial Upper Bound for AAS). For an Active
Antenna System comprising 2M N RF chains with two orthog-
onal polarizations, regardless of beamforming configuration,
signal nature, or frequency, the maximum radiated power in
any direction (0,) is bounded by a deterministic spatial
envelope with two properties:
1) its level is set by the maximum radiated power measured
at boresight, i.e., EIRPyound(f) as defined in (29);
2) its angular shape is solely governed by the sub-array
radiation pattern Asu (0, ©).
Formally:

EIRP(Q, QO) < EIRPbound(f) =+ Asub(ev 90) - Asub(007 900)7

(28)
where (00,0) denotes the boresight direction. The bound
is tight: it is attained when all 2M N sub-arrays are co-
phased toward (0, ) under single-user transmission. Multi-
user operation can only reduce the maximum EIRP in any
given direction.

The angular shape of the bound is thus entirely governed
by the sub-array radiation pattern, independently of the array
size or the beamforming codebook.

B. Measurement setup and frequency-domain characterization

The experimental validation is based on OTA measurements
performed in an anechoic chamber using a realistic Massive
MIMO antenna operating in the 3.4-3.8 GHz band [2]. The
antenna is first configured in a single-user transmission mode
with a fixed boresight beam. The received signal is measured
in an azimuth cut for ¢ € [—60°, 60°], using a calibrated probe
antenna. The received power spectral density is computed by
integrating the received signal power over a bandwidth of
1 MHz. This operation is repeated over the frequency range
from 3.4 GHz to 4 GHz, resulting in a spatial and frequency-
dependent representation of the Power Spectral Density (PSD).
Figure 3 shows the measured boresight PSD for three config-
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Fig. 3: Measured boresight EIRP spectral density (1 MHz
RBW) from 3.4 to 4.0 GHz for three configurations (Full
power with and without DPD, 16 dB backoff). Vertical
dashed lines indicate measurement frequencies for angular
analysis: 3.75 GHz (in-band region), 3.65 GHz (IM3 and
noise dominated region).

urations: full-power 5G NR 100 MHz (3.75 GHz) with DPD,
the same signal without DPD, and with 16 dB backoff. Full
power corresponds to 72 dBm per polarization (75 dBm total);
with a 51dB path attenuation, the received PSD is approx-
imately 1dBm/MHz in-band. These curves provide a direct
experimental estimate of the maximum radiated power as a
function of frequency and serve as a reference upper bound
for the angular analysis that follows.

Figure 4 shows the angular distribution of radiated power
for the boresight beam configuration, normalized to 0dB at
boresight. This normalization removes absolute power levels
and isolates the spatial shape of each spectral component. The
adjacent-channel pattern without DPD closely follows the in-
band shape, confirming that IM products are beamformed in
the same spatial direction as the useful signal. With DPD or
16 dB backoff, IM levels drop substantially and the adjacent-
band distribution spreads spatially, approaching the wider
shape of the sub-array envelope.
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Fig. 4: Spatial distribution of radiated power for a fixed
boresight beam, integrated over 100 MHz, for four spectral
configurations: in-band signal (3.75 GHz), adjacent channel
without DPD (3.65 GHz), adjacent channel with DPD, and

adjacent channel with 16 dB backoff. All patterns are
normalized to their boresight level (0dB reference), so that
only the angular shape of each distribution is compared,
independently of absolute power levels. The normalization
highlights how the spatial concentration of OOB emissions
varies with DPD state and operating point.

In a second experiment, radiation patterns are measured for
various beam directions (—42°, —30°, —18°, 0°, 18°, 30°
and 42°), using full power signal with DPD. The boresight
EIRP measurement serves as the reference level for the spatial
bound. According to 3GPP TS 38.141-2 (Release 18), the OTA
uncertainty for FR1 measurements in the range 3 GHz < f <
7.125 GHz is 1.3 dB (95% confidence). A conservative one-
sided bound is therefore defined as

EIRPpound(f) = EIRPpeas(f) + 1.3dB.  (29)

For OOB and spurious quantities, uncertainties may reach
up to 3dB. Sub-array pattern measurements are subject to
the same uncertainty; manufacturing dispersion between sub-
arrays introduces additional angular-dependent deviations, ad-
dressable through worst-case characterization or a statistically
derived margin. Figure 5 shows the radiation patterns (azimuth
cuts) of the in-band [Fig. 5(a)] and adjacent spectral compo-
nents [Fig. 5(b)] for various beam directions, together with the
theoretical spatial upper bound derived from the boresight level
via (29), and the shape of a theoretical sub-array following the
3GPP antenna modeling framework [4] with @345 = 85°.
An excellent agreement is observed between the theoretical
bound and the measured radiation levels across all beam
steering configurations. Quantitatively, the maximum deviation
between the theoretical spatial envelope and measured EIRP
is less than 1 dB for all seven beam directions in both spectral
regions (in-band and adjacent band). This remarkable agree-
ment validates three key aspects of the proposed framework:

1) The spatial upper bound derived from boresight mea-
surement accurately predicts the maximum EIRP enve-
lope for arbitrary beam steering directions.

2) The 3GPP sub-array radiation pattern model (psqp =
85°, A,, = 30dB) provides an accurate representation

of the elementary radiator characteristics of the antenna
under test.

3) The theoretical prediction that maximum radiated emis-
sion always occurs at boresight holds regardless of beam
steering angle.

(a) In-band (3.75 GHz)
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(b) Adjacent band (3.65 GHz)
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Fig. 5: Validation of the spatial upper bound for seven beam
steering angles (—42°, —30°, —18°, 0°, 18°, 30°, 42°).
(a) In-band and (b) adjacent-band radiation patterns. Solid
colored lines: measured EIRP per beam direction. Dotted
line: 3GPP sub-array element reference (¢3qp = 85°).
Dash-dot line: measured sub-array pattern (spatial upper
bound). All patterns normalized to boresight (0 dB).

Concerning the adjacent band, the signal (with DPD) is a
mixture of residual IM components and noise. The sub-1 dB
margin between theory and measurement is well within the
expected OTA uncertainty (+1.3dB for in-band, +3.0dB for
out-of-band per 3GPP TS 38.141-2), confirming the conser-
vativeness and practical applicability of the proposed spatial
upper bound framework.

C. Experimental Validation in the Multi-User MIMO Case

We now verify experimentally the analytical predictions of
Section I'V. The multi-user (MU) scenario was experimentally
evaluated using the antenna configured to simultaneously serve
two users steered toward distinct azimuth directions. The users
were pointed toward ¢; = 0° and @9 = 18°.



For each azimuth angle, the radiated power was computed
by integrating the PSD over the in-band and adjacent band.
Measurements were performed with and without DPD in order
to clearly observe the spatial components of the adjacent band.
According to the model used in Section IV, the nonlinear
output of each branch contains:

1) Self-distortion terms and Type A cross-IM, proportional
to |ug|?ur and |ug|?uy, which preserve the phase gra-
dient of one of the users and therefore radiate in the
original user directions ¢ and ¢,.

2) Type B cross-IM terms, proportional to u?u} and u3uj},
which generate additional phase gradients:

Adp; = 2Ad; — ADy, AdPps = 2ADy; — AD,.

(30)

For an AAS steered in azimuth, where the phase gradient
satisfies A®(p) o sin ¢, the corresponding directions are:

sinpp; = 2sin e —sin g9, Sin gy = 2sin g —sin ;.
(31

For 7 = 0° and ¢y = 18°, this yields:

op1 A~ —18°, s ~ 38.2°. (32)

Therefore, in addition to the two useful beams, two additional
spatial directions are theoretically expected for third-order
IM products. Figure 6 shows the angular distribution of

—
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Fig. 6: Spatial distribution of radiated power in the
multi-user configuration with two users steered at ¢ = 0°
and @9 = 18°, for three spectral components: in-band
(3.75 GHz), adjacent channel without DPD (3.65 GHz), and
adjacent channel with DPD. All patterns are normalized to
their boresight level (0 dB reference), so that only the angular
shape of each distribution is compared, independently of
absolute power levels. Dashed lines indicate the predicted
directions: @1, o for the user beams, and pp; ~ —18°,
wp2 ~ 38.2° for the Type-B cross-IM products.

radiated power for the multi-user configuration. All patterns
are normalized to their boresight level (0 dB reference), so that
the figure displays only the spatial shape of each distribution,
independently of absolute power levels. The in-band radiation
exhibits two main lobes aligned with the user directions (0°
and 18°), as expected from the beamforming configuration.
The adjacent-band distribution without DPD shows a clear
angular structure with maxima partially aligned with the user

beams, consistent with the Type A distortion terms, and
evidence of additional spreading toward the predicted Type B
directions. With DPD, this spatial spreading is mitigated.
These experimental observations validate the analytical
framework developed in Section IV. In particular, they confirm
that:
o third-order nonlinear products in MU transmission gen-
erate additional spatial components,
« the spatial distribution of OOB radiation is inherently
more dispersed in MU compared to the single-user case.

VI. DISCUSSION AND IMPLICATIONS FOR COEXISTENCE

This work does not aim at defining a normative 3GPP-
compliant limit. Instead, it proposes a conservative engineering
framework to derive a spatial upper bound from boresight mea-
surements for coexistence analyses. The proposed bound has
three key implications for coexistence assessments involving
AAS.

A. Independence from correlation modeling

The spatial upper bound does not require explicit knowledge
of the spatial correlation between RF chains. It is fully
characterized by: (i) the maximum power spectral density
measured in the boresight direction, and (ii) a deterministic
spatial envelope governed by the elementary radiator (element
or sub-array).

Correlation effects, often quantified by a factor p [6], mainly
affect the degree to which unwanted emissions are beam-
formed. However, this influence is implicitly captured in the
measured boresight spectrum. When nonlinear distortion in-
creases, the adjacent-channel leakage ratio (ACLR) degrades,
and any degradation due to correlated distortion components
is reflected uniformly in the spatial envelope, which bounds
the radiated emissions in all directions. As a consequence, the
upper bound remains valid and conservative without requiring
explicit modeling of distortion correlation mechanisms.

B. Role of DPD

DPD plays a dual role. First, it reduces unwanted signals in
conducted mode by improving ACLR. Second, by suppress-
ing correlated distortion components, it limits their coherent
beamforming in the radiated domain. When distortion be-
comes noise-like, emissions add predominantly incoherently,
resulting in a flatter spatial distribution. Hence, DPD reduces
both the absolute emission level and its spatial concentration.
This dual effect highlights the central role of DPD in modern
Massive MIMO transmitters, not only for in-band linearity but
also for spatial control of out-of-band emissions.

C. Practical workflow for coexistence assessments

From a regulatory and system-engineering perspective, the
main benefit of the proposed framework is methodological
simplification. Rather than modeling detailed beamforming
states or nonlinear distortion mechanisms, a conservative upper
bound can be derived directly from boresight measurements
at maximum transmit power.



The practical workflow for applying this bound in a coex-

istence study can be summarized as follows:

1) Boresight EIRP measurement: Measure EIRP 005 (f)
at boresight under maximum transmit power, using a
single well-defined beam. This requires only standard
OTA instrumentation, independent of the beamforming
codebook.

2) Uncertainty margin: Apply the margin per (29)
(+1.3dB in-band, +3 dB for OOB per 3GPP TS 38.141-
2) to obtain EIRPpouna(f)-

3) Sub-array pattern: Determine Ag,1,(6, @) by measure-
ment or via the 3GPP model [4]. This defines the angular
shape of the bound.

4) Spatial bound computation: For any direction (6, ¢)
and frequency f:

EIRPUB(Gv P, f) = EIRPbOUI’ld(f)
+ Asub(97 90) - Asub(907 @O)a

where (0, @) denotes the boresight direction, consis-
tent with the notation of Proposition V-A.

This measurement-oriented approach preserves physical
rigor while substantially reducing the complexity of interfer-
ence assessments. It is particularly suited for regulatory type-
approval testing, where reproducibility and conservatism are
prioritized over simulation fidelity.

D. Limitations and scope of applicability

While the proposed framework has been shown to be robust
across spectral regions and beam steering angles, several
limitations should be acknowledged when considering its
application to other scenarios.

Array architecture and mutual coupling: The derivation
assumes that all sub-arrays share a common elementary radi-
ation pattern and that the array factor model of (27) applies,
which requires uniform sub-array groupings and low inter-
element coupling. This is justified for A\/2 spacing, where
cross-coupling is typically < —15dB in practical Massive
MIMO implementations. For non-uniform sub-array group-
ings, or for compact or irregular geometries where mutual
coupling becomes significant (typically above —10dB), the
sub-array pattern may be distorted and the spatial envelope
may deviate from the model.

PA nonlinearity model: The spatial upper-bound result is
structurally valid for nonlinear models of arbitrary Volterra or-
der, as the boresight-maximum property relies solely on phase-
coherence arguments that are independent of the polynomial
order. The main limitation is the absence of memory effects in
the PA model: frequency-dependent nonlinearities, which may
be significant at high modulation bandwidths, are not captured.
Accounting for such effects is left for future work.

Angular coverage: The experimental validation was per-
formed in the azimuth plane (6 = 90°). Extension to
full 3D radiation patterns, including elevation-plane steering
and cross-polarization effects, is conceptually straightforward
within the proposed framework but has not been validated
experimentally.

VII. CONCLUSION

This paper established a deterministic spatial upper bound
for the radiated power of beamforming AAS. Starting from a
two-element array with third-order nonlinearities, we showed
that the spatial envelope coincides with the elementary radiator
pattern and reaches its maximum at boresight. This preliminary
result was then generalized to yield the main contribution:
a formal spatial upper bound for any AAS with 2M N RF
chains (Proposition V-A, (28)), valid regardless of array size,
beamforming configuration, signal nature, frequency, or RF-
chain correlation. The bound is fully characterized by the
measured boresight EIRP and the sub-array radiation pattern,
and is tight under single-user boresight transmission.

Experimental validation on a 3.5 GHz Massive MIMO an-
tenna confirmed the predictions across three spectral regions
and seven beam steering angles, with deviations below OTA
measurement uncertainty. A practical workflow for applying
the bound in regulatory coexistence assessments was proposed,
requiring only boresight OTA measurements and sub-array
pattern characterization. The framework is structurally valid
for higher-order Volterra PA models; limitations regarding
non-uniform sub-array groupings, strong mutual coupling, PA
memory effects, and 3D angular coverage were identified as
directions for future work.
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